Australian brush-tailed rock-wallabies (Petrogale penicillata) became naturalized on Oahu, Hawaii, after the accidental liberation of 2 animals (of unknown wild provenance) in 1916. Subsequently, Australian P. penicillata has experienced widespread local population extinctions as part of an ongoing decline. Thus, the P. penicillata population in Hawaii could represent an important conservation resource. In addition, there have been suggestions that the rock-wallaby population in Hawaii is distinct from Australian P. penicillata. In this study a multifaceted molecular genetic analysis (chromosomes, allozymes, mitochondrial DNA [mtDNA] control region) was undertaken to compare Hawaiian Petrogale with P. pencillata from throughout the species' natural range in southeastern Australia. Hawaiian Petrogale were found to possess a 2n ϭ 22, all acrocentric, karyotype characteristic of P. penicillata. The allozyme (41 loci) and mtDNA profiles of the Hawaiian animals indicate that they were originally derived from northern P. penicillata populations, most likely in southeast Queensland. These results confirm that the Petrogale in Hawaii represent typical P. pencillata and are not consistent with suggestions that the Hawaiian population represents a novel taxon.
One consequence of the volcanic origin and extreme isolation of the Hawaiian Islands, in the tropical North Pacific, is an endemic fauna almost completely devoid of mammals. Before the arrival of humans less than 2,000 years ago, the islands of Hawaii had only 1 species of terrestrial mammal (Tomich 1986 ). Polynesian, and more recently European, explorers and settlers introduced at least another 20 species, including chiropterans, lagomorphs, rodents, carnivores, and ungulates (Tomich 1986 ). Although some introductions failed, many were successful, often resulting in severe damage to a largely endemic fauna and flora (Tomich 1986 ).
* Correspondent: meldridg@rna.bio.mq.edu.au Perhaps the most curious mammalian introduction to Hawaii occurred in August 1916 when a small group of brush-tailed rock-wallabies (Petrogale penicillata), a macropodid marsupial endemic to southeastern Australia (Eldridge and Close 1995) , escaped from the private zoo of R. H. Trent on Alewa Heights in Honolulu, Oahu (Tinker 1938; Tomich 1986 ). The rock-wallabies, of unknown wild provenance, had been imported from the Sydney Zoological Gardens (Australia) and escaped when dogs tore open the tent in which they were being held (Tomich 1986) . Two adult rock-wallabies survived the dog attack and escaped into the surrounding area (Tomich 1986) . By 1921 a small population was firmly established in the Ko'olau Range and remains today in the Kalihi Valley (Tomich 1986 ).
While P. penicillata was persisting in the novel Hawaiian environment, their antecedents in Australia were experiencing widespread local population extinctions as part of a drastic, widespread, and ongoing decline. At the time of European settlement, P. penicillata was abundant throughout the mountain ranges of southeastern Australia, from north of Brisbane (Queensland) to western Victoria (Eldridge and Close 1995) . However, P. penicillata populations have declined dramatically since European settlement (Dovey et al. 1997; Lunney et al. 1997; Short and Milkovits 1990) , initially because of the fur trade (Lunney et al. 1997 ) but more recently because of habitat disturbance, competition with introduced herbivores, and predation by introduced carnivores (Dovey et al. 1997; Eldridge and Close 1995; Short and Milkovits 1990) . Populations in the western and southern parts of the distribution have been most severely affected, with only a handful of critically endangered remnant populations remaining (Browning et al. 2001; Dovey et al. 1997; Short and Milkovits 1990) .
Although the original source of Hawaii's P. penicillata is unknown, it is conceivable that they derive from populations that are now endangered or even extinct in Australia. Thus, a Hawaiian curiosity could represent an important conservation resource for Australia. Such a possibility has been realized for another wallaby species, with the introduced New Zealand population of the tammar wallaby (Macropus eugenii) being identified as descendants of the extinct South Australian mainland population (Taylor and Cooper 1999) . It would therefore be useful to determine the provenance of the P. penicillata population in Hawaii. Sequence analysis of the rapidly evolving mitochondrial DNA (mtDNA) control region is an ideal approach because rock-wallaby populations are highly structured, with haplotypes often showing considerable geographic specificity (Browning et al. 2001; Pope et al. 1996 Pope et al. , 1998 .
In addition, there has been repeated speculation that the rock-wallaby population in Hawaii is distinct from extant P. penicillata populations in Australia and may represent a case of rapid speciation (Conant 1988; Lazell 1980 Lazell , 1981 Lazell , 1987 Lazell et al. 1984) . These claims of significant divergence from Australian populations have not been thoroughly tested using modern molecular genetic techniques that are capable of distinguishing among closely related Petrogale species (Bee and Close 1993; Eldridge and Close 1992; Eldridge and Spencer 1997; Eldridge et al. 2001) . Therefore, a multifaceted genetic comparison of Hawaiian and Australian P. penicillata populations would be informative. We have therefore undertaken a chromosome, allozyme, and mtDNA analysis of P. penicillata from Hawaii and Australia in order to clarify the relationship between these populations and to determine the provenance of the Hawaiian population.
MATERIALS AND METHODS
Hawaiian P. penicillata were trapped in October 1980 in the Kalihi Valley, Oahu. Two of the 4 captured wallabies were subsequently euthanized and tissues collected for genetic analyses. The specimens were then deposited in the B. P. Bishop Museum, Honolulu, Hawaii (X157473, X157474).
Karyotypic analysis of 2 specimens of Hawaiian P. penicillata was undertaken using bone marrow and leukocyte cultures as previously described (Eldridge and Spencer 1997; Sharman et al. 1990 ). Between 10 and 20 metaphase cells were examined from each animal.
Allozyme electrophoretic analysis at 41 loci was conducted on the 2 P. penicillata specimens from Hawaii, using standard techniques (Richardson et al. 1986) . These data were then compared with results for the same 41 loci in P. penicillata (n ϭ 12-43) and P. herberti (n ϭ 10-36) from Australia (Table 1) . For the Australian samples, a subset of animals (10-15), from throughout the range of both species, was initially screened for variation at all loci. For TABLE 1.-Results of allozyme electrophoresis showing alleles present at 12 presumptive gene loci in 2 specimens of Petrogale from Hawaii (Hawaii-1 and -2) compared with alleles found in Australian populations of P. penicillata and P. herberti. For both P. penicillata (n ϭ 12-43) and P. herberti (n ϭ 10-36) the characteristic allele(s) at each locus are shown on the 1st line. Minor alleles (frequency Յ 0.1) are indicated on the 2nd line. Introgressed alleles a are shown in parentheses. S, slow; N, normal; F, fast; vF, very fast. Where more than 4 alleles were present at a locus they were numbered consecutively, with 1 being the most cathodal allelic form. Both specimens of Petrogale from Hawaii and all examined P. herberti and P. penicillata from Australia were characterized by the N allele at the SDH, ADA-C, ␣-GAL, FUM, GPT, GPT-muscle, GDA, AAT-C, ADH-1, ADH-2, ADH-3, MDH-A, MDH-C, AK-A, AK-C, IDH-C, ENOL-A, ␣-GPD, GPD, SOD-A, SOD-C, LDH-B, PK-muscle, PEP-A, PEP-B, PEP-C, ACP-A, ACP-C, and IDH-muscle loci. (Data from Close et al. 1994 ; D. A. Briscoe and J. Stephens, pers. comm.) See Appendix I for details of loci abbreviations.
a Introgression was assumed where an allele characteristic of one taxon was found in an adjacent taxon at or near their hybrid zone (Bee and Close 1993 those loci identified as polymorphic, all available samples were subsequently genotyped.
For the analysis of mtDNA, frozen and alcohol-preserved tissue (skeletal muscle, liver, kidney, ear biopsy) or blood were collected from 54 specimens of P. penicillata from throughout the species' range in southeastern Australia (Fig.  1) . Frozen tissue was also available from the 2 specimens of P. penicillata collected in Kalihi Valley, Oahu, Hawaii. Also included in the analysis were samples from 2 specimens of Herbert's rock-wallaby (P. herberti), a taxon closely related to, and previously regarded as conspecific with, P. penicillata (Eldridge 1997) . In the north of its range in Australia, P. penicillata is parapatric with P. herberti, and a narrow hybrid zone is present (Bee and Close 1993) .
Total cellular DNA was extracted from tissues using standard techniques (Sambrook et al. 1989; Sunnucks and Hales 1996) . PCR amplification and DNA sequencing of the hypervariable left domain of the mtDNA control region were then undertaken as previously described (Browning et al. 2001) . The PILEUP option in Web ANGIS (Feng and Doolittle 1987) was used to align the control region sequences, and where possible, ambiguities were resolved and the sequences adjusted by eye. Phylogenetic analysis was then conducted using PAUP* (Swofford 2000) . Firstly, the relationship of P. penicillata haplotypes was determined by maximum parsimony analysis (Felsenstein 1983 ) using the Branch and Bound search option. Gaps FIG. 2. -Karyotype of a female P. penicillata (2n ϭ 22) from Kalihi Valley, Oahu, Hawaii. The 10 pairs of acrocentric autosomes are arranged in order of decreasing length on the first 2 rows, whereas the pair of acrocentric X chromosomes (each bearing a distal nucleolar organizer region) are placed on the 3rd row.
in the sequence were treated as a 5th state. Statistical confidence of the branching points was assessed by 500 bootstrap replications (Felsenstein 1985) . Secondly, distance trees were constructed by neighbor-joining (Saitou and Nei 1987) from pairwise genetic distances estimated using the sequence evolution assumptions of Kimura (1980) and Tamura and Nei (1993) . Distances were estimated assuming no substitution rate heterogeneity across sites, as well as assuming heterogeneity in substitution rate consistent with a gamma distribution of ␣ ϭ 0.5 (Wakeley 1993) . The level of resolution in the distance trees was assessed by 500 bootstrap replicates (Felsenstein 1985) . For both analyses, sequence from a black-footed rock-wallaby (P. lateralis) was used as an outgroup . Also included in the analysis were sequence data from 2 specimens of the closely related taxon, Herbert's rock-wallaby (P. herberti). Research was conducted in accordance with the Macquarie University Animal Care and Ethics Committee (Approval #97044).
RESULTS
Karyotypic analysis showed that both the specimens of Hawaiian Petrogale examined had identical 2n ϭ 22 karyotypes consisting of 10 pairs of acrocentric autosomes and acrocentric X chromosomes (Fig. 2) . This karyotype is unique to and characteristic of P. penicillata (Eldridge and Close 1997; Eldridge et al. 1990; Sharman et al. 1990) .
Of the 41 allozyme loci examined, 12 were polymorphic in populations of P. penicillata from Australia or in P. herberti (Table 1). Three loci were found to be polymorphic in the Hawaiian wallabies (MPI, AAT-F, IDH-A; Table 1 ). In all cases, the 2 Hawaiian wallabies possessed alleles previously detected in Australian populations of P. penicillata.
For the mtDNA analysis, between 550 and 600 bp of control region sequence were obtained from all sampled animals (Fig. 3) , with both Hawaiian Petrogale having an identical unique haplotype. Seventeen distinct haplotypes were identified among the 54 P. penicillata examined from throughout the species' range in southeastern Australia (Fig. 3) . The observed pattern was of mtDNA haplotype uniformity within populations but with differences among populations. Two exceptions were identified. Firstly, within the Armidale population 2 distinct haplotypes (Armidale-1, Armidale-2) were detected. Secondly, the Cooyar Creek, Yarraman Creek, and Sommerset Dam populations shared a single unique haplotype.
The neighbor-joining trees produced from the Kimura and Tamura-Nei distances (both estimated with and without consideration of substitution rate heterogeneity) were of identical topology. The maximum parsimony tree was also similar, differing only in the placement of P. herberti (Fig.  4) . Thus, phylogenetic analysis consistently revealed 3 distinct mtDNA lineages within P. penicillata, with each lineage showing clear geographical circumscription. mtDNA from the Victorian (Vic) animals ( Fig. 1) formed a very strongly supported (100% bootstrap) monophyletic group that excluded animals from New South Wales (NSW) and Queensland (Qld) as shown in Fig. 4 . A 2nd well-supported (89-99% bootstrap) group consisted of haplotypes from northeastern New South Wales and southeastern Queensland, whereas the 3rd group (72-98% bootstrap) comprised animals from central New South Wales as shown in Fig.  4 . The relationship among the 3 groups and between P. penicillata and P. herberti was unresolved (Fig. 4) . The haplotype from the Hawaiian Petrogale appears typical of P. penicillata and is consistently clustered within the northeastern New South Wales-southeastern Queensland group (Fig. 4) . The Hawaiian haplotype was most similar to the Armidale-1 haplotype (0.91% sequence divergence), with both sequences sharing a unique dinucleotide insertion (position 337-338; Fig. 3) . However, the average sequence divergence between haplotypes within the northeastern New South Wales-southeastern Queensland group was only 1.3% (Ϯ0.4). In contrast, an average divergence of 6.3% (Ϯ1.2) separated haplotypes from the 3 P. penicillata groups.
DISCUSSION
The karyotypic, allozyme, and mtDNA analyses are consistent with previous identification of the Hawaiian Petrogale as P. penicillata (Tomich 1986 ). These molecular data offer no support for suggestions (Conant 1988; Lazell 1980 Lazell , 1981 Lazell , 1987 Lazell et al. 1984 ) that Hawaiian Petrogale represent a novel taxon.
As a group, rock-wallabies are noted for their extraordinary karyotypic diversity (Eldridge and Close 1993, 1997; Sharman et al. 1990 ). Because many Petrogale species are morphologically cryptic, rock-wallaby taxa are most definitively identified by their karyotypes, which tend to be invariant within a taxon but vary between taxa (Eldridge and Close 1992; Eldridge and Spencer 1997) . P. penicillata is no exception, being most readily identified, and defined taxonomically (Eldridge and Close 1992) , by its unique karyotype, which contains 10 pairs of acrocentric autosomes. These characteristic chromosomes are present in the 2 Hawaiian Petrogale sampled (Fig. 2) and have been found in all P. penicillata examined to date (Browning et al. 2001; Close et al. 1994; Eldridge et al. 1990; Sharman et al. 1990 ). However, the X chromosome in P. penicillata is polymorphic. In most P. penicillata this chromosome is acrocentric, as in the 2 Hawaiian specimens (Eldridge and Close 1997) . Only in P. penicillata from the far south of its range in East Gippsland (Victoria) is a variant metacentric X chro- FIG. 4 .-Phylogenetic relationships among 20 mitochondrial DNA control region haplotypes from P. penicillata (n ϭ 18) and P. herberti (n ϭ 2) after neighbor-joining (NJ) and maximum parsimony (MP) analysis of 583 bp of sequence. Numbers on branches indicate bootstrap support (percentage of 500 pseudoreplicates); above, NJ analysis (Kimura 2P); below, MP analysis. Only bootstrap values Ն60% are shown. The tree was rooted using P. lateralis as an outgroup. The only difference in tree topology between analyses was in the placement of P. herberti. In the NJ analysis P. herberti was placed outside of a monophyletic P. penicillata (as shown above), whereas in the MP analysis P. herberti was placed within P. penicillata as a sister group (67% bootstrap) to the Victorian (Vic) and northeastern New South Wales-southeastern Queensland clades. The Hawaiian haplotype clearly falls within the northeastern New South Wales-southeastern Queensland clade. mosome present (Browning et al. 2001; Close et al. 1994) .
All the allozyme alleles detected in the Hawaiian rock-wallabies have previously been found in Australian populations of P. penicillata (Table 1) . However, at 2 loci the alleles identified in the Hawaiian Petrogale (GPI allele N, MPI allele 2) are rare in Australian populations of P. penicillata. For example, GPI allele N has been detected previously in only 1 Victorian population, at a low frequency (0.08) in the Jenolan Caves population, and at a higher frequency (0.23) in southeast Queensland populations of P. penicillata near the P. penicillata-P. herberti hybrid zone (Close et al. 1994) . Similarly, MPI allele 2 is unknown in southern P. penicillata populations and has only been detected in northeast New South Wales and southeast Queensland, especially in animals sampled from the P. penicillata-P. herberti hybrid zone (D. A. Briscoe, pers. comm.) Although rare in P. penicillata, both these alleles are common in the adjacent species, P. herberti (Table 1) . Because these alleles are most common in P. penicillata near its hybrid zone with P. herberti, they are believed to result from introgression (Bee and Close 1993) . Therefore, the identification of these rare alleles in the Hawaiian rock-wallabies suggests that this population was derived from northern P. penicillata stock, most likely from southeastern Queensland and close to the P. penicillata-P. herberti hybrid zone.
The mtDNA data also support a northern origin for the Hawaiian P. penicillata population. The control region haplotype identified in the Hawaiian animals consistently clusters within the group of P. penicillata that exclusively contains haplotypes from neNSW and seQld (Fig. 4) . Within the northeastern New South Wales-southeastern Queensland group the Hawaiian haplotype was most similar (0.91% sequence divergence) to a haplotype (Armidale-1) detected at Armidale in northern New South Wales (Fig. 1) . However, the average sequence divergence between haplotypes in the northeastern New South Wales-southeastern Queensland group was only 1.3%. Thus, although it is clear that the maternal lineage present in the P. penicillata population in Hawaii originated from northeastern New South Wales or southeastern Queensland, the precise population of origin cannot be determined from existing data and must await more extensive sampling throughout the region.
Although there have been some declines among P. penicillata populations in northeastern New South Wales and southeastern Queensland, the species remains common and widespread throughout much of this region (Dovey et al. 1997) . It is therefore likely that the historical source population for the Hawaiian animals is still extant, lessening the conservation value of the current Hawaiian population. However, Hawaiian P. penicillata will remain a valuable resource for studying the effects of a documented population bottleneck as well as the ecology of adaptation to a novel environment.
